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The coming impact of gene expression profiling on the
diagnosis and treatment of HCV-associated liver disease
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Abstract

Gene expression profiling allows the level of activity of thousands of genes to be monitored simultaneously.
Profiling is often carried out on specialized chips or slides, which have microarrays of gene targets at predetermined
addresses. In the immediate future, microarrays promise to yield new insights into hepatitis C virus (HCV)
pathogenesis and to produce ‘signatures’ that can be used in molecular diagnostics. In the longer-term, they may aid
the development of serological tests by identifying genes encoding secretory proteins produced by HCV-infected
livers, and they may suggest new avenues for disease intervention by detecting genes whose products are retained in
the infected liver. © 2001 Published by Elsevier Science B.V.
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1. Gene expression profiling measures the level of
expression of thousands of genes

Powerful new analytical tools make it possible
to compare simultaneously the levels of thousands
of messenger RNAs (mRNAs) in a diseased tis-
sue, such as a hepatitis C virus (HCV) infected
liver, with the levels in healthy tissue. This is a
significant breakthrough because the functional
state of a cell or tissue is determined largely by the
population of proteins it contains, and mRNA
populations provide information, albeit imperfect
information, about the proteins. In the fullness of
time, user-friendly methods for defining protein

populations are likely to emerge, but at the mo-
ment, the best way to assess gene expression is by
examining mRNA populations. Messenger RNA
populations are very useful surrogate markers of
protein populations and are much easier to
measure.

Several alternative approaches have been devel-
oped to measure a large fraction of the mRNA
population of cells and tissues. These methods
include differential display (Lian and Pardee,
1992), serial analysis of gene expression (SAGE)
(Velculescu et al., 1995), and DNA microarray
analysis (Phimister, 1999). In effect, these meth-
ods allow thousands of northern hybridization
experiments to be done at one time. In contrast to
gene mutation studies, they provide information
about levels of gene expression, rather than about
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genetic sequences themselves. Of the various
methods available, DNA microarrays are assum-
ing a predominant role and provide the examples
of gene expression profiling in this article.

2. Technical aspects of gene expression analysis

As illustrated in Fig. 1 (Buhler, 1998), to deter-
mine the gene expression profile, RNA is first
extracted from a reference tissue, such as control
liver, and from a second tissue, such as HCV-in-
fected liver (step 1). The RNA is copied into
fluorescently-labeled cDNA by reverse transcrip-
tase (step 2). The cDNA from diseased tissue is
labeled with one type of dye, cy-5, for example,

which fluoresces red, and the cDNA from control
tissue is labeled with a second dye, cy-3, for
example, which fluoresces green. The two cDNA
populations are mixed with each other (step 3)
and washed over a microarray containing immo-
bilized DNA probes (step 4). The fluorescently-
tagged cDNAs bind to their complementary
DNAs probes comprising the microarray. The
microarrays contain up to 10 000 DNA probes,
each located at a specified ‘address’ that can be
‘interrogated’ with a scanning device. The scanner
measures the fluorescence at each spot in the
array (step 5), and records the amount of light
emitted from cDNAs representing the control tis-
sue and the HCV-infected tissue. This information
is analyzed by a computer (step 6) to identify
genes that are over-expressed or under-expressed
in the diseased tissue compared with the control.
The capital cost for building both an arrayer and
a scanner is now less than $60 000 (Brown and
Botstein, 1999). Radiolabeled cDNAs can be used
instead of fluorescently-labeled molecules, and are
often used in conjunction with microarray probes
attached to membranes. Arrays on membranes
usually contain hundreds, rather than thousands,
of probes and thus are often called ‘low-density’
arrays.

Regardless of the type of label or microarray,
the results need to be confirmed using comple-
mentary approaches. The levels of individual mR-
NAs can be measured by ‘real-time polymerase
chain reaction (PCR)’ or Northern blotting. Simi-
larly, individual proteins can be studied by im-
munocytochemistry and Western blotting.

The microarrays currently in use differ in the
length of the immobilized DNA probes compris-
ing the arrays. GeneChips produced by
Affymetrix contain DNA oligomers about 25
bases in length generated in situ by a photolithog-
raphy process, while most other DNA microar-
rays use DNA molecules that are hundreds to
thousands of bases in length. These longer DNAs
are maintained usually as a plasmid library. A
large collection of 40 000 well-characterized (se-
quence validated) human clones is available (see,
www.researchgenetics.com). To make use of such
a collection, individual clones are amplified in
PCR reactions to produce DNA probes for spot-

Fig. 1. Steps in gene expression profiling with a DNA microar-
ray. RNA is extracted from control and HCV-infected liver
(step 1) and reverse transcribed into fluorescently-labeled
cDNA (step 2). The two differentially-labeled populations of
cDNAs are mixed with each (step 3) and washed over a
microarray of probes (step 4). The microarray is scanned at
two wavelengths of light (step 5). Each site in the array is
‘interrogated’ and the signals representing the cDNAs of con-
trol vs. HCV-infected liver samples are recorded, displayed,
and analyzed (step 6). Adapted from (Buhler, 1998), with the
kind permission of J. Buhler.
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Fig. 2. Robotic arraying machine. To create a microarray, the
printhead transfers a minute amount of PCR-amplified cD-
NAs from microtiter plates to designated positions (‘ad-
dresses’) on microscope slides. A computer controls the
movement of the printhead and the baseplate. Reproduced
from (Schena, 1996), with the kind permission of M. Schena.

3. Goals of gene expression profiling and early
successes with large-scale mRNA analyses

Microarrays will have many applications in
biomedical research. Three major goals are to
define the gene expression signature of various
conditions; to use these signatures in diagnosis
and making prognostic decisions; to use profiles
to guide drug discovery and to individualize pa-
tient care (see Fig. 3). For a disease with a highly
variable outcome, such as HCV, it may be possi-
ble to identify a pattern of gene expression that is
associated with a benign course of disease and to
find pharmaceuticals, which promote this pattern
of gene expression.

To date, some of the most advanced research
with microarrays has been in the field of hematol-
ogy. This research warrants review because it
illustrates what can be expected in the field of
hepatology in the near future. In a landmark
study, Golub and colleagues in Lander’s labora-
tory extracted RNA from the cells of 27 patients
with acute lymphoblastic leukemia (ALL) and
from 11 patients with acute myeloid leukemia
(AML) (Golub et al., 1999). They then deter-

ting. As illustrated in Fig. 2, PCR products can be
applied robotically to a support matrix, typically
a glass slide, by an arrayer (Schena, 1996). Brown
and his colleagues at Stanford have been at the
forefront of almost every aspect of microarray
development, from conceptualization of the ap-
proach, to the construction of a machine for
spotting PCR products onto microscope slides
(the Arraymaker), to the design of software for
data analysis. Their website, www.cmgm.stanford.
edu/pbrown, provides a great deal of useful infor-
mation (Brown, 1998). A second website,
www.gene-chids.com maintained by Shi, provides
a survey of microarray methods and provides
useful links to additional sites (Shi, 2000). Opti-
mal microarray experiments will require methods
for sample preparation and RNA extraction that
have not yet been fully worked out. Tissues vary
in their level of ribonucleases and in their toler-
ance for being left at room temperature prior to
freezing or RNA extraction. Madejon and his
colleagues in Carreno’s laboratory reported that
levels of HCV RNA and a representative cellular
mRNA declined in liver biopsy samples exposed
to room temperature for more than 4 min, under-
scoring the need for efficient sample handling
(Madejon et al., 2000).

Fig. 3. Use of HCV microarrays in HCV diagnosis and
treatment. In the future, gene expression analysis will provide
detailed information about the type of damage that is occur-
ring in the HCV-infected liver of an individual patient and
allow the optimal treatment to be identified.
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Fig. 4. Gene expression patterns of ALL and AML. This
figure shows the expression pattern of 50 differentially ex-
pressed genes from 27 ALL patients and 11 AML patients: 25
genes are over-expressed in specimens of patients with ALL,
and 25 different genes are over-expressed in specimens of
patients with AML. Genes expressed at a low level are in blue,
and genes expressed at a high level are in pink. Each column
shows the expression level of the 50 genes in the mRNA
extracted from an individual patient (Golub et al., 1999).

who had been diagnosed with AML. Based on the
gene expression pattern, the specimen did not
appear to be either AML or ALL, but rather
appeared to be in the muscle cell lineage. The
diagnosis of this patient was explored further by a
variety of approaches. It was established eventu-
ally that the patient had rhabdomyosarcoma.
Treatment was thus changed from that for AML
to treatment for rhabomyosarcoma.

The success of the molecular approach for
leukemia diagnosis suggests that gene expression
profiles will also advance other forms of cancer
diagnosis. However, because tissues, in general,
and solid tumors, in particular, typically contain a
mixture of cell types, their analysis is more com-
plex. Botstein and his colleagues have been devel-
oping a two-step method for detecting distinctive
gene expression patterns in multicellular tissues
(Perou et al., 1999). In the first step, they manipu-
late cells in culture in order to identify ‘instructive
clusters of genes’. For example, in preparation for
analysis of breast tumors, they exposed human
breast epithelial cells in culture to a variety of
stimuli, such as epidermal growth factor, trans-
forming growth factor �, interferon �, and inter-
feron �, and determined the expression pattern of
5000 genes. Genes that showed similar responses
to various stimuli were grouped into clusters.
Several clusters of co-expressed genes were iden-
tified, including a proliferation cluster that was
highly expressed in rapidly growing cell lines and
certain tumors. Future studies will seek to estab-
lish correlations between clinical outcomes and
gene expression patterns.

To apply Botstein’s two-step approach to
HCV-infected livers and to hepatocellular car-
cinomas, it will be necessary to identify a variety
of stimuli that can be used to induce the expres-
sion of instructive gene clusters. Natural history
studies of HCV patients, animal studies, and in
vitro experiments can suggest what stimuli might
be most advantageous to test, as illustrated in the
following example. According to information
compiled by Poynard and colleagues (Poynard et
al., 1997), women who are infected with HCV
when they are 40 years of age or less have a rate
of fibrosis progression that is only about one-half
that of women infected when they are older,

mined the expression pattern of 6817 genes. From
this set of almost 7000 genes, they identified 50
that were expressed differentially in the two types
of leukemia (see Fig. 4). These investigators then
attempted to use the expression of these 50 genes
to predict the diagnosis in a series of 34 blinded
samples—24 bone marrow samples, and ten sam-
ples of peripheral blood. On the basis of gene
expression patterns, they were able to predict
strongly the diagnosis in 29 of the 34 test speci-
mens (85%). In all 29 cases, the diagnosis was
correct. Moreover, several of the samples that
could not be identified were prepared using a
method, which was different from that used to
prepare the majority of the samples. In discussing
the power of their molecular approach to cancer
diagnosis, the investigators described a patient
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suggesting that high levels of sex steroids may
induce the expression of genes that moderate the
damaging effects of HCV. The suggestion that
female hormones militate against HCV-associated
liver damage is strengthened by a study of women
who were exposed to HCV at an average age of
28 while they were pregnant (Kenny-Walsh,
1999). Seventeen years after infection, about 45%
of the 704 women who tested positive for HCV
antibodies were seronegative for HCV RNA,
providing evidence of a high rate of viral clear-
ance. Furthermore, in the 376 HCV RNA positive
women in whom histological analysis was possi-
ble, only seven (2%) had evidence of fibrosis, and
two of the cirrhotics consumed large amounts of

alcohol. Evidence that estrogen can have anti-
fibrotic effects has been obtained from animal
studies. For example, estradiol blocks fibrosis in a
rat model of fibrosis (Yasuda et al., 1999) (Fig. 5).
Many of the anti-fibrotic effects of estrogen were
reviewed recently by Bissel (1999). Taken to-
gether, studies of estrogen effects on the liver
suggest that this sex hormone may not only be
useful as a substance to induce the expression of
‘instructive clusters’ of genes to aid the interpreta-
tion of microarray data, but that estrogen may
also be useful clinically—both to promote viral
clearance (possibly in association with interferon)
and to minimize HCV-associated liver damage in
women with chronic HCV infection.

Fig. 5. Suppressive effects of estradiol on dimethylnitrosamine (DMN) induced fibrosis of the liver in male rats. Male rats were given
a single injection of DMN, or DMN with anti-estradiol antibody, or DMN with estradiol and sacrificed 14 days later. Sections were
immunohistologically stained for type I (A, C and E) and type III collagen (B, D and F). The livers of rats treated with DMN had
high levels of type I(A) and type III(B) collagen, and those of rats treated with DMN and the anti-estradiol antibody had even
higher levels (C and D), showing that extensive fibrosis occurred in the animals receiving these treatments. In contrast, the livers of
rats treated with DMA and estradiol had little detectable type I or type III collagen, showing the anti-fibrotic effect of estrogen in
this experimental system (E and F) (Yasuda et al., 1999).
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4. Preliminary reports of liver gene expression profi-
les

Early reports describing the gene expression
profiles of healthy, damaged, and diseased liver are
beginning to appear. These studies are strong
indicators of the exciting insights to expect in this
field over the next few years. Several groups are
pursuing studies of mRNA populations of hepato-
cellular carcinoma (HCC) specimens with either
microarrays (Kaiser et al., 1999; Hui et al., 1999)
or an alternative method, suppressive subtractive
hybridization (Miyasaka et al., 1999). In a prelim-
inary report, S. Kaiser and colleagues indicated
that they found 90 genes that were up-regulated in
all six HCC specimens analyzed with the
Affymetrix human 6800 GeneChip In contrast, �
fetoprotein was up-regulated in only a minority of
the HCC specimens. Remarkably, none of the 90
genes had been associated previously with hepato-
cellular carcinoma. It is likely that some genes
over-expressed in the cancer cells will appear in the
blood. Once these products have been identified
through gene expression profiling, noninvasive
serological tests can be developed to detect them,
potentially yielding an early screening test for
HCC.

Microarrays are also finding use in studies of
hepatotoxic agents (Waring et al., 1999) and viral
hepatitis. McCaughan and collegues looked at gene
expression patterns in control liver samples and
samples from patients with end stage liver disease.
Using microarrays from CLONTECH, they iden-
tified a number of genes which are up-regulated
during chronic HCV infection, including the
fibronectin receptor �-subunit, fibroblast growth
factor receptor-l precursor, transforming growth
factor-�-3, epithelial discoidin domain receptor-l,
and the proto-oncogene c-jun (McCaughan et al.,
2000).

Over the next few years, as the technologies of
microarrays and data analysis mature, they will
bring a revolution in the diagnosis and treatment
of liver diseases. One of the first goals will be to
define groups of genes whose expression can be
grouped according to the functional and/or dis-
eased state of the liver. These ‘expression signa-
tures’ will provide the basis for developing refined

and specific diagnostic tests, yielding a new, more
fine-grained, classification system for liver diseases.
Another important area will be the development of
high-resolution screens for hepatotoxicity. Data
from these screens, in conjunction with information
obtained through pharmacogenomic studies, will
allow therapeutic regimens to be optimized for
individual patients, thereby greatly minimizing the
risk of severe adverse reactions to therapeutic
agents. Finally, knowledge of gene expression
profiles will provide detailed information about
pathways of cellular metabolism and pathogenesis.
This information will guide the development of
novel (combination) therapies that minimize side-
effects and help to re-establish normal patterns of
gene expression.
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